The stimulation of the Hill reaction in C02-depleted broken chloroplasts (Pisum sativum L. cv Rondo) by the total amount of dissolved CO2 and HCO3-(bicarbonate*) was measured at several formate concentrations. Formate appears to be a competitive inhibitor of the bicarbonate0 stimulation of electron flow. From these experiments we have obtained a reactivation constant (K,) of 78 ± 31 micromolar NaHCO3 and an inhibition constant (KJ) of 2.0 ± 0.7 millimolar HCOONa at pH 6.5. In the absence of formate, significant electron flow was measured at a bicarbonate0 concentration well below K,, suggesting that electron flow from Q, the primary electron acceptor of photosystem II, to plastoquinone can proceed when no bicarbonate0 is bound to the regulatory site at the Q,-protein. If so, bicarbonate0 stimulation of electron flow is mainly a diminution of the inhibition of electron flow by formate. In view of the results, it is proposed that regulation of linear electron flow by bicarbonate0 and formate is a mechanism that could link cell metabolism to photosynthetic electron flow.
The Hill reaction in chloroplasts that are depleted of CO2 in the presence of formate, requires the presence of bicarbonate*0. In the absence ofbicarbonate* electron flow is inhibited between Q and PQ (6, 7, 24) : electron flow between Q and B-is slightly inhibited and the reoxidation of B2 by PQ is almost completely blocked (2, 11, 22) . Addition ofbicarbonate* to these chloroplasts results in a large stimulation ofelectron flow (6, 7, 23, 24 ). There appears to be a Michaelis Menten type of relationship between the uncoupled Hill reaction rate and the bicarbonate* concentration in the reaction medium (12, 20) , characterized by a maximal Hill reaction rate (Vmax) and an apparent reactivation constant (K,.' = [NaHCO3] at half-maximal reactivation). At present it is not known whether C02, H2CO3, or HCO3-is the species involved in the regulation of electron flow (3, 21) .
Although it has been recognized for a long time that formate is somehow involved in the regulation of electron flow by bicarbonate*, the mode of action of formate is still unknown. Good (I) first demonstrated that formate and acetate increase the dependency of the Hill reaction on bicarbonate*. It has been suggested (7, 17, 21 ) that formate and acetate compete with ' Abbreviations: bicarbonate*, the total amount of dissolved CO2 and HC03-; Q, primary quinone acceptor of PSII; PQ, plastoquinone; B, secondary quinone acceptor of PSII; FeCy, potassium ferrihexacyanate; Kr', apparent reactivation constant; K, reactivation constant; Kj, inhibition constant; RUBISCO, ribulose-bisphosphate carboxylase-oxygenase.
bicarbonate* for binding sites at the thylakoid membrane. Assuming that bicarbonate* is required for electron flow between Q and PQ, it was argued that displacement of bicarbonate* by formate would result in a lowering of the apparent affinity ofthe binding sites for bicarbonate*. This hypothesis was supported by Stemler (14) , who described two pools of bicarbonate* binding sites and showed that formate can remove bicarbonate* from these binding sites. The pool of high-affinity binding sites was shown to be involved in the regulation of electron flow: removal of bicarbonate* from these high-affinity binding sites was correlated with an inhibition of electron flow. As bicarbonate* was actually removed from the thylakoid membrane by formate in these experiments, it is conceivable that the inhibition ofelectron flow is not a consequence of the removal of bound bicarbonate*, but may be due to an inhibitory action of formate. Stimulation of electron flow by bicarbonate* then can be explained by assuming that formate is displaced by bicarbonate*. In the former explanation (6, 17, 21), electron flow should be strongly inhibited in the absence ofbicarbonate*, whether or not formate is present. As experimental data on this matter are conflicting (5, 7, 17, 23) we have designed experiments to elucidate the mode of action of formate.
Another reason for examining the role of formate in the regulation of linear electron flow in more details comes from the fact that formate is a metabolite which is involved in e.g. photorespiration (4, 10) . If linear electron flow in vivo is regulated by bicarbonate* and formate, then metabolic pathways affecting bicarbonate* and formate levels in the chloroplast would also influence photosynthetic electron flow.
MATERIALS AND METHODS
Isolated broken chloroplasts (Pisum sativum L. cv Rondo) were obtained as described before (12) . Thylakoids were depleted of CO2 using a new procedure (Snel, Vermaas, and Van Rensen, unpublished data). Broken chloroplasts (0.5 ml stock suspension containing 2 mg Chl/ml) were washed once in 4.5 ml medium consisting of 0.3 M sorbitol, 50 mm sodium phosphate (pH 5.8), 10 mm NaCl, and 5 mM MgCl2. The thylakoids were collected by centrifugation (10 min, 1000g) and resuspended in 4.0 ml depletion medium. This depletion medium contained 0.3 M sorbitol, 10 mm sodium phosphate (pH 5.8), 10 mm NaCl, 5 mM MgC92, and 10 mm sodium formate. The final Chl concentration was 250 ,sg Chl/ml. Depletion was accomplished by incubating the chloroplasts at 25°C in depletion medium for at least 60 min in the dark under a N2 atmosphere. The Hill reaction was measured as O2 evolution with FeCy as an electron acceptor at 25°C as described before (19) . For the determination of the Hill reaction rate, we used the first 20 s of the electrode response. All media were made C02-free by bubbling with pure N2 gas for at least 1 h.
The kinetic constants Kr' and Vmax were determined graphically from Lineweaver Burk plots that consisted ofmeasurements (in duplo) of the Hill reaction rate at six different bicarbonate* concentrations. RESULTS CO2 Depletion of Chloroplasts. The new procedure for depleting chloroplasts of CO2 enables us to obtain large amounts of C02-depleted chloroplasts. Figure 1 shows the results of a typical C02-depletion procedure. At the indicated times, a sample of 100 ul of the chloroplast suspension was injected into 150 ul of C02-free reaction medium and the Hill reaction was measured (Fig. 2) . After 1 min dark equilibration, the Hill reaction was recorded during 30 s. Subsequently, the light was switched off and NaHCO3 was added to a final concentration of 5 mm. The chloroplasts were incubated for 2 min in the dark and then the Hill reaction in the presence ofNaHCO3 was measured. Addition of 5 mm NH4C1 causes a 4-fold stimulation of electron flow and therefore NH4C1 was included in all reaction media. Figure 1 shows further that it takes about 90 min, in this particular experiment, to reach a steady-state situation in which the Hill reaction rate in the absence of added bicarbonate* is less than Figure 1 ; the chloroplasts were incubated in reaction medium plus bicarbonate* for 2 min before the Hill reaction was measured. 20 gmol 02/mg Chl * h. After addition of 5 mm bicarbonate*, the uncoupled Hill reaction rate is about 130 Mmol 02/mg Chl -h. These rates approach the uncoupled rates ofnondepleted control chloroplasts suspended in the same reaction mixture.
In the experiments illustrated in Figures 3 to 6 , the determination of the bicarbonate* stimulation of the Hill reaction was performed on separate samples at the beginning and at the end of a series of experiments. This was done to avoid effects of light on the binding of bicarbonate* (15) and possibly formate (8 ( 12) . Figure 4 shows that K,' is linearly dependent on the formate concentration in the reaction medium as can be expected for competitive inhibition: Kr' = Kr( + 1Ki). Extrapolation to [HCOONa] = 0 mm yields the reactivation constant Kr, and K, can be calculated from the slope of the line. K, appears to be 78 ± 31 gM NaHCO3 and Kj = 2.0 ± 0.7 mm HCOONa at pH 6.5 (n = 5). Figure 5 shows the effect of low formate concentrations on the Hill reaction of C02-depleted chloroplasts in C02-free reaction medium (no bicarbonate* was added!). The relationship between the Hill reaction rate and the formate concentration appears to be hyperbolic (0); a plot of the reciprocal Hill reaction rate against the formate concentration yields a straight line (0). The intercept with the y axis gives the Hill reaction in the absence of formate and (added) bicarbonate*. This Hill reaction rate is about 88 Umol 02/mg Chl h and K, in this experiment was estimated to be 3.45 mM HCOONa. This value is not significantly different from the value for Ki given above. Figure 6 shows that C02-depleted chloroplasts from the same batch exhibit a Vn"n., of about 190 ,mol 02/mg Chl h in the presence of saturating amounts of NaHCO3. It is obvious from Figure 5 Figure I shows that these high rates can only be observed after prolonged incubation of the chloroplasts in depletion medium at pH 5.8. The rather slow development of the dependency of the Hill reaction on bicarbonate* probably reflects the binding of formate. As the action of formate is pH dependent, i.e. more pronounced at low pH (16; H. H. Robinson, personal communication), it could be the protonated base that is involved in the rate-limiting step of the inhibition.
In the C02-depleted chloroplasts obtained by the new procedure electron flow in the presence of saturating bicarbonate* concentrations can be stimulated about 4-fold by 5 mM NH4Cl or 5 ,AM Gramicidin J1J2 when FeCy is the electron acceptor.
This strongly suggests that in these chloroplasts FeCy accepts electrons after PQ.
Interaction of Formate and Bicarbonate* on the Hill Reaction. Stemler (14) has demonstrated the existence of two pools of binding sites for bicarbonate*. The high-affinity binding sites, with a pool size of about one binding site per 400 Chl molecules, were shown to be involved in the regulation of electron flow. The dissociation constant of this binding site/bicarbonate* complex is 80 MM NaH'4C03 at pH 6.5 (18) , which is practically identical to the value of 78 gM NaHCO3 we obtained for K, at pH 6.5. In our opinion, this close agreement indicates that the initial Hill reaction rate reflects the state of the regulatory highaffinity binding sites at the QB-protein with respect to the binding of formate and bicarbonate*. This means that in the experiments described in Figure 5 , a large fraction of the binding sites must have been empty, i.e. not occupied by either formate or bicarbonate*. Therefore, we suggest that the high-affinity binding sites do not require that a complex is formed with bicarbonate* to allow electron flow from Q to PQ.
However, at the moment the question whether the binding of bicarbonate* to the regulatory site at the QB-protein is a requirement for electron flow is still a rather hypothetical one. Our results do not exclude a possible involvement of a small pool of bicarbonate*-binding sites with a very high affinity for bicarbonate*. So far however, there are no indications that such a pool exists.
Another possibility is that binding of bicarbonate* brings the regulatory site in an 'active' conformation, which only slowly relaxes to an 'inactive' state after dissociation of the regulatory site-bicarbonate* complex. In this way only a few bicarbonate* molecules could keep all regulatory sites in the active state when no formate is present.
We did not succeed in achieving a total restoration of electron flow in the absence of formate (Figs. 5 and 6 ). An explanation for this observation is not known; obviously, further experiments are needed to clarify the exact mechanism of formate-bicarbonate* regulation of electron flow.
In a previous paper (12) (4) . The produced formate would have to enter the chloroplast in order to be able to inhibit electron flow. Alternatively, glyoxylate could enter the chloroplast and react with H202, generated in a reaction of 02 with reduced Fd (13) , to give formate and bicarbonate*. The bicarbonate* formed can be subsequently remetabolized by RUBISCO and the remaining formate will inhibit linear electron flow. So, at high 02/ CO2 ratios, there is a direct path from photosynthetically produced 02 to formate, which inhibits linear electron flow. Such a pathway could be regarded as a negative feedback mechanism that is involved in the regulation of linear electron flow. As inhibition of linear electron flow can stimulate cyclic electron flow (9), regulation of linear electron flow by formate and bicarbonate* will result in an altered linear to cyclic electron flow ratio, which in turn will affect the NADPH/ATP ratio in the chloroplast stroma.
CONCLUSIONS
These experiments show that formate inhibits linear electron flow in isolated broken pea chloroplasts. Bicarbonate* can diminish this inhibition, probably by displacing formate from the thylakoid membrane. The physiological significance of this regulation of electron flow is still far from being understood; photorespiration might be involved as a source of formate.
